The threat of widespread drug resistance to frontline antimalarials has renewed the urgency for identifying inexpensive chemotherapeutic compounds that are effective against Plasmodium falciparum, the parasite species responsible for the greatest number of malaria-related deaths worldwide. To aid in the fight against malaria, a recent extensive screening campaign has generated thousands of lead compounds with low micromolar activity against blood stage parasites. A subset of these leads has been compiled by the Medicines for Malaria Venture (MMV) into a collection of structurally diverse compounds known as the MMV Malaria Box. Currently, little is known regarding the activity of these Malaria Box compounds on parasite metabolism during intraerythrocytic development, and a majority of the targets for these drugs have yet to be defined. Here we interrogated the in vitro metabolic effects of 189 drugs (including 169 of the drug-like compounds from the Malaria Box) using ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS). The resulting metabolic fingerprints provide information on the parasite biochemical pathways affected by pharmacologic intervention and offer a critical blueprint for selecting and advancing lead compounds as next-generation antimalarial drugs. Our results reveal several major classes of metabolic disruption, which allow us to predict the mode of action (MoA) for many of the Malaria Box compounds. We anticipate that future combination therapies will be greatly informed by these results, allowing for the selection of appropriate drug combinations that simultaneously target multiple metabolic pathways, with the aim of eliminating malaria and forestalling the expansion of drug-resistant parasites in the field.
I
nfection by the human malaria parasite Plasmodium falciparum rapidly leads to the clinical symptoms associated with the 48-h asexual replicative cycle of the parasite within the blood of the host, ultimately resulting in massive anemia and complications due to blood vessel occlusion (1) . P. falciparum malaria continues to present an enormous global public health burden due to the lack of an effective long-term vaccine (2) and the emergence of resistance to frontline antimalarial chemotherapies (3) . This underscores the continued need to maintain a robust drug development pipeline that produces novel and effective antimalarial compounds for future deployment. To catalyze drug discovery efforts, the Medicines for Malaria Venture (MMV) released an open-access "Malaria Box" that contains 200 drug-like and 200 probe-like compounds (4) which were found to be active and potent against blood stage P. falciparum (5-7). The freely available Malaria Box (http://www.mmv.org/research-development /open-access-malaria-box) has spawned an open-source, collaborative international effort to determine compound mode of action (MoA) in order to facilitate lead optimization (8) .
Currently, the Malaria Box has been screened against a number of P. falciparum targets and multiple developmental stages (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , as well as other pathogens (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . These studies have identified compounds in the Malaria Box with efficacy against specific metabolic processes, such as the thioredoxin system (9), isoprenoid biosynthesis (14, 30) , and aminopeptidases (11) , as well as protein translation (10) and beta-hematin formation (17) . A large group of related studies has also tested the Malaria Box on the sexual stages, using a wide variety of assays (12) (13) (14) (15) (16) (31) (32) (33) (34) . However, the use of phenotypic or endpoint-based assays in many of these profiling studies has produced varied results, providing limited insight toward identifying the targets of these compounds. On the other hand, the analysis of drug-resistant parasite lines generated in the laboratory (35) (36) (37) (38) (39) (40) (41) (42) (43) or of drug-resistant field isolates (44, 45) has provided information on the mechanism(s) of resistance and some molecular insights into the targets of antimalarial drugs, although indirect or off-target physiologic processes, such as transport, sometimes limit our understanding of drug MoA. To identify the target pathways of the Malaria Box compounds, we sought to capture the short-term whole-cell metabolic response of the malaria parasite to these drugs by the use of targeted hydrophilic metabolomics.
Since the advent of global mass spectrometry methods, metabolomics has proven to be a valuable tool in drug development (46) (47) (48) (49) . Recently, metabolomics has provided a greater understanding of Plasmodium parasite metabolite levels and metabolic responses to several common antimalarial drugs (50) (51) (52) (53) (54) (55) . When paired with quantitative trait locus (QTL) analysis, metabolo-mic profiling has revealed that peptide accumulation mediates fitness costs associated with chloroquine resistance (51) . Additionally, metabolomics has aided in the elucidation of novel elements of Plasmodium biology, such as the production of plant-like terpenes through the isoprenoid biosynthesis pathway (56) , the availability of a diverse pool of host metabolites in reticulocytes compared to mature erythrocytes (57) , and rapid arginine depletion in vitro, which may be the basis for clinical hypoargininemia (54) . More recently, a number of studies have utilized untargeted metabolomics analysis to characterize the mode of action of drugs in other related parasites (58, 59) . Despite advances in parasitebased approaches, metabolomics has not been adopted for largescale antimalarial screening efforts and prior studies have not capitalized on the full potential of the analytical platform focusing only on a few pathways, a limited number of drugs, or specific parasite stages (50-52, 54, 55, 60) .
In the present study, we used a medium-throughput targeted ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS)-based hydrophilic metabolomics method to determine the specific metabolic signatures arising following treatment of P. falciparum asexual blood stage trophozoites with select pharmaceuticals. To assess the metabolic effects of antimalarial treatment and optimize our methodology, we used the known bc 1 complex inhibitor atovaquone (61) . We then applied this metabolomic profiling method to 9 well-characterized drugs and 11 lead antimalarial compounds with known or proposed targets from the MMV pipeline (Table 1) , as well as the drug-like compounds from the Malaria Box. Based on hierarchical clustering of the resulting metabolomic profiles and the identification of perturbations in a specific metabolic pathway(s), compounds were largely classified into four major categories: mitochondrial electron transport (mtETC)/pyrimidine biosynthesis, folate biosynthesis, hemoglobin catabolism, and cellular homeostasis. The cellular homeostasis category is of particular interest as it encompasses all of the MMV lead and Malaria Box drug-like compounds recently demonstrated to affect PfATP4, a plasma membrane Ptype Na ϩ /H ϩ -ATPase (38, (62) (63) (64) . In addition to these distinct categories, there were a number of Malaria Box compounds that could not be classified because they resulted in a broad or ambiguous metabolomic profile under the conditions tested. As a proof of concept, we also show that our whole-cell method can be utilized to characterize metabolic changes in the sexual-stage gametocyte following drug exposure. Even though transmission blocking is widely considered an essential target for the elimination of malaria, few frontline antimalarial drugs successfully target gametocytes (65) , emphasizing the need to extend the application of our assay toward defining gametocytocidal modes of action. Ultimately, this study supports the predicted target pathway(s) for most lead MMV pipeline compounds and provides the malaria community with potential MoAs for a majority of Malaria Box drug-like compounds, highlighting the potential of metabolomic profiling methods for the development of future antimalarial therapeutics.
MATERIALS AND METHODS
Parasite culture maintenance. Plasmodium falciparum strain 3D7 (Malaria Research and Reference Reagent Resource Center [MR4, https: //www.beiresources.org/MR4Home.aspx]; catalog no. MRA-102) was maintained under standard conditions (66) at 2% hematocrit with O-positive human erythrocytes in RPMI 1640 (Thermo Fisher Scientific) containing 10 mg/liter hypoxanthine, 2 g/liter sodium bicarbonate (SigmaAldrich), 15 mM HEPES (Sigma-Aldrich), 50 mg/liter gentamicin sulfate (Sigma-Aldrich), and 2.5 g/liter AlbuMAX II (Thermo Fisher Scientific). Intraerythrocytic ring-stage developing parasites were suspended in 5% sorbitol (Sigma-Aldrich) over three subsequent developmental cycles to synchronize parasites within 4 to 6 h, as previously described (67) . Briefly, P. falciparum cultures were collected by centrifugation at 1,500 ϫ g for 5 min at 25°C, and the parasitized red blood cell (RBC) pellet was resuspended in a 10ϫ volume of 5% sorbitol, followed by incubation at 37°C for 10 min. Following incubation, the cells were pelleted as described above and washed in 50 ml of complete medium, prior to placement of the parasites back into culture flasks at 2% hematocrit and 2% parasitemia. Parasite cultures were maintained mycoplasma-free and were confirmed (by PCR) prior to metabolomics analysis. Separate mycoplasmafree culture apparatus and solutions were used for all metabolomics culturing to prevent contamination. Cultures were checked for mycoplasma contamination weekly using an IntronBio e-Myco mycoplasma PCR detection kit (Boca Scientific catalog no. 25235).
Method optimization using atovaquone. (i) Stage. At 10 (ring), 24 (trophozoite), and 38 (schizont) h postinvasion (hpi), parasites (10% parasitemia, 5% hematocrit) were treated with atovaquone (kindly provided by Akhil B. Vaidya, Drexel University College of Medicine, Philadelphia, PA) at 10ϫ IC 50 (where IC 50 is 50% of the maximum growth inhibitory concentration) (10 nM) for 2.5 h in parallel with an untreated parasite culture and an uninfected erythrocyte control. Posttreatment, 1.5 ml of parasites was lysed with saponin (Acros Organics; 0.02%) for 30 s, collected by centrifugation at 5,000 rpm at 25°C, and resuspended in ice-cold 1ϫ phosphate-buffered saline (PBS) for metabolite extraction.
(ii) Parasite preparation. At 24 hpi, parasites (10% parasitemia, 5% hematocrit) were treated with atovaquone at 10ϫ IC 50 (10 nM) for 2.5 h in parallel with an untreated parasite culture, an uninfected erythrocyte control, and magnetically purified parasites (both treated and untreated). Following treatment, 1.5 ml each of culture suspensions of treated and untreated parasites was centrifuged in an Eppendorf tube for 30 s at 5,000 rpm at 25°C. The supernatant was removed, and the parasitized RBC pellet was then resuspended in 1.0 ml of 1ϫ PBS. For measurement of metabolites in "bulk culture" (parasitized and nonparasitized RBCs), these parasite suspensions were then placed on ice for metabolite extraction. Alternatively, to remove background erythrocyte metabolite contamination, the parasites were lysed with 0.02% saponin for 30 s, followed by centrifugation for 30 s at 5,000 rpm at 25°C and supernatant aspiration. Isolated parasite pellets were then resuspended in 1.0 ml of ice-cold 1ϫ PBS for metabolite extraction. Magnetic purification was performed as described below, and extraction was performed following centrifugation and supernatant removal as described above. The various extraction methods were performed in triplicate for two biological replicates.
(iii) Concentration. At 24 hpi, parasites were synchronized and magnetically purified as described below. After a 1-to 2-h period of recovery, parasites (ϳ1.5 ϫ 10 8 per treatment condition) were then treated with atovaquone at 1ϫ (1.0 nM), 2ϫ (2.0 nM), 5ϫ (5.0 nM), 10ϫ (10 nM), 20ϫ (20 nM), and 50ϫ IC 50 (50 nM) for 2.5 h or no drug was added. All treatments were carried out in triplicate and performed for two biological replicates.
(iv) Time. At 24 hpi, parasites were synchronized and magnetically purified as described below. After a 1-to 2-h period of recovery, parasites (ϳ1.5 ϫ 10 8 per treatment condition) then were either left untreated or treated with atovaquone at 10ϫ IC 50 (10 nM) for 0.5, 1.0, 2.0, 4.0, and 8.0 h. Data at all time points were collected in triplicate, and treatments were performed for two biological replicates.
Magnetic column separation. Magnetic separation of mature trophozoites (24 to 36 hpi) was carried out as previously described (68, 69) using an in-house-constructed magnetic cell fractionation system. Upon purification, parasites were allowed to recover under standard culture conditions at 0.5% hematocrit for 1 to 2 h before experimentation.
Sample preparation for antimalarial metabolite profiling. Drug treatments were typically performed on six compounds per trial, with an atovaquone treatment as a positive control and a paired untreated control. Briefly, magnetically purified parasites (20-to 30-l pellet) were incubated in 6-well plates at 0.5% hematocrit with antimalarial compounds at Ͼ2ϫ IC 50 for 2.5 h. The concentration used was subject to compound availability, and not all Malaria Box drug-like compounds could be tested due to limited quantities. Immediately following each treatment trial, infected erythrocytes were quickly pelleted by centrifugation for 30 s at 5,000 rpm at 25°C, medium was removed, and cells were extracted as described below.
Metabolite extraction. Extractions were performed as described previously (50, 60) . Briefly, an ϳ20-l pellet of cells was resuspended in 1.0 ml of prechilled 90:10 methanol-water and placed at 4°C. The internal standard [ 13 C 4 , 15 N 1 ]aspartate was spiked into the extraction methanol solution to control for sample preparation and handling. Samples were vortexed, resuspended, and centrifuged for 10 min at 15,000 rpm and 4°C. To minimize variation and stabilize metabolites, supernatants were collected and stored at Ϫ80°C for less than 1 month or dried down immediately under nitrogen flow for UHPLC-MS analysis. The dried metabolites were resuspended in HPLC-grade water (Chromasolv; Sigma) to a concentration between 1.0 ϫ 10 5 and 1.0 ϫ 10 6 cells/l, based on hemocytometer counts of purified parasites. All samples were processed in triplicate with method blanks to reduce technical variation and account for background signal. Samples were randomized, and 10 l of resuspended metabolite extract or method blank was injected for UHPLC-MS analysis.
Gametocyte culturing. Culturing of P. falciparum 3D7 for gametocyte production was performed using established methods (50) . Gametocyte induction of an asexual ring stage culture was performed through volume expansion (2ϫ) without the removal of the "spent" medium, resulting in a hematocrit reduction and a 50/50 spent/fresh medium mix (day Ϫ1). On day ϩ1, the medium was replaced in cultures now containing a mixture of asexual and sexual ring stages. On day ϩ2, cultures were given fresh medium containing 50 mM N-acetylglucosamine (NAG) to block subsequent asexual replication and to enrich for nonreplicating gametocytes. Giemsa-stained thin blood smears were prepared and examined on day ϩ3 to ensure the absence of asexual ring stage parasites, and the medium was changed daily in the absence of NAG. On day ϩ6, the culture contained mostly stage III-IV gametocytes, which were magnetically purified and processed by following the protocol described above. These gametocytes were treated with 1.0 M atovaquone for 2.5 h, followed by metabolite extraction as described above.
UHPLC-MS measurement of whole-cell metabolic extracts. Extracts were analyzed using reversed-phase ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS) on a Thermo Exactive Plus orbitrap. Metabolite separation was performed with a C 18 column (Phenomenex Hydro-RP; catalog no. 00D-4387-B0) using a 25-min gradient of 3% aqueous methanol-15 mM acetic acid-10 mM tributylamine ion pairing agent (A) and 100% methanol (MeOH) (B) (70) . Detection was performed in negative-ion mode, using a scan range of 85 to 1,000 m/z and a resolution of 140,000 at m/z 200. Calibration was performed prior to every acquisition batch, using Pierce negative ESI calibration solution (Thermo Fisher Scientific), and glucose-free RPMI 1640 without Albumax II was routinely run as a quality assurance sample to monitor analytical performance. Additional sample randomization was also performed to reduce within-batch variability. To aid in the detection of cellular metabolites, a database was generated from 242 pure metabolite standards using the same instrument and method to determine detection capability, mass/charge ratio (m/z), and retention time for each metabolite (see Table  S1 and Fig. S1 in the supplemental material for metabolome coverage) (71, 72) .
Data analysis. Raw data files from the Thermo Exactive Plus orbitrap (.raw) were converted to a format compatible with our analysis software (.raw ¡.mzXML) (68, 73) . Spectral data (.mzXML files) were visualized in MAVEN (74) , the heavy-labeled [ 13 C 4 , 15 N 1 ]aspartate internal standard intensity was assessed for technical reproducibility, and peaks for each metabolite in the targeted library were identified based on proximity to standard retention time, the observed mass falling within 10 ppm of the expected m/z (calculated from the monoisotopic mass), and the signal/ blank ratio (minimum, 10,000 ions). Based upon the above criteria, peaks were manually inspected and demarcated as good or bad based on peak shape. Peak areas were exported into an R working environment (http: //www.R-project.org) (75) for calculation of log 2 fold changes for each sample compared to an untreated control. Metabolites that were not reliably detected across 90% of all the trials were removed prior to additional analysis to minimize subsequent imputation bias (76) . The peak areas for any remaining metabolites not detected were imputed to have 10,000 ions, and metabolites detected below background levels (negative after blank subtraction) were maintained as "0" prior to averaging and log 2 calculation. Since our metabolite extraction method did not include a wash step, metabolites found in the RPMI medium were excluded.
The log 2 fold changes of detected metabolites from the validation drugs were used to train a self-organizing map (SOM), and a two-dimensional hexagonal fingerprint was generated for each drug by projection onto the trained map with the supraHex package for R/Bioconductor (77) . These suprahexagons display related metabolites within nodes or small hexagons that are arranged radially outward from the center based on vector weight. This organizational pattern places the most influential metabolite nodes on the outer edge of the suprahexagon while preserving the input data information such as the dimensionality, distribution, distance, clusters, and identity of metabolites (see Fig. S2B to E and Table S3 in the supplemental material). The validation data set was used to generate the base metabolic fingerprint or "metaprint," against which all additional metabolite data from the Malaria Box and gametocytes were projected. A subset of compounds from the validation set that gave a strong signature was used to assist in the classification of parasite metabolic perturbation to MMV Malaria Box compounds. Hierarchical clustering was performed on the log 2 fold change values using Pearson-Ward clustering. All processed metabolomics spectral data and analytical metadata from this study have been deposited into the NIH Metabolomics Workbench (project ID no. PR000340).
RESULTS
Experimental optimization for metabolomic profiling. In this study, our goal was to capture and compare the metabolomic profiles of blood stage P. falciparum parasites following treatment with a broad range of antimalarial drugs. Therefore, we first optimized a number of methodological parameters using the established antimalarial drug atovaquone. Atovaquone is a direct inhibitor of the Plasmodium bc 1 complex (61), an essential component of the mitochondrial electron transport chain (mtETC). Inhibition of the bc 1 complex results in the disruption of ubiquinone recycling, ultimately reducing levels of this cofactor below what is necessary for de novo pyrimidine synthesis (Fig. 1A ) (50, 61, 78, 79) . When parasites were treated with atovaquone, a Magnetically purified trophozoites were treated with atovaquone at 10ϫ IC 50 for 0.5, 1, 2, 4, and 8 h. The parasite response over time was assessed by measuring the fold change accumulation of N-carbamoyl-L-aspartate and dihydroorotate relative to an untreated control. (E) Magnetically purified trophozoites were treated with atovaquone at 1ϫ, 2ϫ, 5ϫ, 10ϫ, 20ϫ, and 50ϫ IC 50 atovaquone for 2.5 h. The concentration-dependent inhibition was monitored using the N-carbamoyl-L-aspartate and dihydroorotate response relative to an untreated control. For each atovaquone concentration, three independent biological replicates were assayed with 3 drug-exposed and 3 untreated samples for each. Values are experimental averages Ϯ standard deviations (SD). The red bar in each graph represents the optimal condition chosen for the experimental workflow (see Fig. 2A ). NH 3ϩ , ammonia; HCO 3 Ϫ , bicarbonate; Carb-P, carbamoyl phosphate; N-Carb-Asp, N-carbamoyl-L-aspartate; GAT, glutamine amidotransferase; CPS, carbamoyl phosphate synthase; ACT, aspartate carbamoyl transferase; DHOtase, dihydroorotase; DHODH, dihydroorotate dehydrogenase. rapid, robust, and highly reproducible increase was detected in the pyrimidine biosynthesis precursors N-carbamoyl-L-aspartate (NCarb-Asp) and dihydroorotate (DHO), in comparison to that of an untreated control (Fig. 1B) , reflecting indirect inhibition of dihydroorotate dehydrogenase (Fig. 1A) . Therefore, we used this signature of metabolic disruption in de novo pyrimidine synthesis to optimize several parameters for testing subsequent compounds. First, we measured metabolic changes in total parasite cultures at different stages of intraerythrocytic development by exposing highly synchronous P. falciparum 3D7 parasites to atovaquone (10ϫ IC 50 ) at the ring, trophozoite, and schizont stages of asexual growth. Our UHPLC-MS data demonstrated that the highest fold change in N-Carb-Asp and DHO (Fig. 1B) occurred during the trophozoite stage of development. In addition to confirming that disruption of pyrimidine biosynthesis is the biochemical consequence of atovaquone treatment (50, 78) , this result demonstrates that the highly metabolically active trophozoite results in the best overall signal intensity and supports the use of whole-cell metabolomics at this stage of development.
Having defined the appropriate stage of parasite development to focus on, we next identified the sample preparation resulting in the most robust and reproducible metabolic signature upon atovaquone exposure. By comparing the responses in N-CarbAsp and DHO from the same number of parasites from an atovaquone-treated pelleted bulk culture, saponin-lysed parasites, or magnetically purified trophozoite-infected erythrocytes, we found that magnetic purification led to the largest absolute signal intensity in N-Carb-Asp and DHO (Fig. 1C) . We then determined the optimal range for drug incubation time by comparing magnetically purified atovaquone-treated and untreated parasite metabolite extracts after incubations of 0.5, 1, 2, 4, and 8 h and observed a time-dependent accumulation of N-Carb-Asp and DHO (Fig. 1D) . In order to capture the most immediate, yet robust metabolic response, 2.5 h of treatment was selected as an intermediate value within the optimal range, particularly since longer treatments led to increased variability that was possibly due to parasite developmental transition to schizogony (Fig. 1D) . Notably, our assay demonstrated the rapid and robust capture of metabolic disruption after treatment, even though atovaquone is known to have a low parasitekilling rate (Ͼ24 h) (80) (81) (82) . These findings support previous observations that bc 1 inhibitors result in rapid inhibition of oxygen consumption and de novo pyrimidine metabolism, which are direct precursors of parasite death (78, 79, 83, 84) .
Lastly, we determined the minimum concentration of drug required to observe the characteristic metabolic signature of atovaquone treatment within this 2.5-h incubation time. Magnetically purified parasites were treated with atovaquone at 1ϫ, 2ϫ, 5ϫ, 10ϫ, 20ϫ, and 50ϫ IC 50 (Fig. 1E) , and all concentrations at or above the IC 50 resulted in the buildup of the signature metabolites, N-Carb-Asp and DHO. In short, atovaquone allowed us to determine the concentration range of drug to be used, the time of exposure, the parasite life stage, and the optimal purification method which defined the workflow for assaying the parasitespecific response to a broad range of characterized and uncharacterized drugs (Fig. 2A) . This was a pragmatic and reasonable decision given that the mode of action of a new compound may impact these parameters and that optimization of conditions for each individual case was not feasible.
Validation of experimental workflow using well-characterized drugs. Using the optimized experimental conditions described above, we first tested our method on nine well-established drugs and 11 "next-generation" MMV lead antimalarials (Table  1 ). This group of compounds was chosen as a validation set to demonstrate that UHPLC-MS metabolomics is capable of detecting the biochemical pathway affected by antimalarial drugs beyond those that disrupt mitochondrial function and pyrimidine synthesis. These 11 compounds have been studied extensively using a variety of approaches, and tentative targets have been previously identified (Table 1) . In order to remove any potential for bias from this prior knowledge, our initial treatment and data analysis of the validation compounds were carried out in a blind fashion by arbitrarily numbering the compounds prior to metabolomics analysis. This test was critical to establish the predictive power of our methodology by allowing us to deduce the target pathway(s) for these compounds through the metabolomic profiles alone. To identify the metabolic changes occurring in response to drug treatment, we performed targeted peak picking from a database of known metabolites. This database contained the retention times and chemical formulas for 242 standards analyzed on the same analytical platform (see Table S1 in the supplemental material). These standards span a large portion of the known parasite metabolome with a focus on hydrophilic cellular metabolites (see Fig. S1 and Table S1 ) (71, 72) . By UHPLC-MS, we reliably and consistently detected 113 targeted hydrophilic metabolites in greater than 90% of parasite extracts, and the log 2 fold changes in the peak areas, compared to an untreated control, were used to elucidate the effect of each individual particular drug (see Fig. S2A and Table S2 ).
To visualize specific metabolic perturbations associated with each drug, the log 2 fold change values (see Table S2 in the supplemental material) were assembled using a self-organizing map (SOM) and projected onto a suprahexagonal landscape ( Fig. 2B ; see Fig. S2B to E and Table S3 ) (77) . The resulting map displays the "metabolic fingerprint" or metaprint for a particular treatment and provided us with a straightforward way of displaying cellular metabolic changes for any given drug and to easily compare phenotypes between compounds (Fig. 2B) . The metaprints resulting from treatment with an individual compound may have patterns of metabolic perturbation that resemble the responses from other drugs but are never exactly the same, just as no two fingerprints are identical. Compounds that display a similar metaprint pattern cluster well together and therefore likely target similar biochemical pathways (Fig. 2C) . Examination of the metabolite identities within the metaprint (see Fig. S2B and Table S3 ) revealed four clear metabolic "signatures" that are distinguished by perturbations in folate biosynthesis, cellular homeostasis, mtETC/pyrimidine synthesis, or hemoglobin catabolism (Fig. 2C) . Additionally, an unclassified cluster which displayed either a broad or ambiguous profile and consequently lacked "signature" metabolites was present. When the drug identities were ultimately disclosed, we found that compounds with the same predicted target clustered together, as expected. For example, atovaquone (control), antimycin A, myxothiazol, and ELQ-300, which all inhibit the bc 1 complex, share a cluster, as do KAE609, (ϩ)-SJ733, and KAF246, which are known to alter PfATP4 function (Fig. 2C and Table 1 ). Specifically, metabolites with the highest variance (mapping to the edges) (see Fig. S2F ) reveal metabolic signatures within the validation set and relate accordingly to the expected molecular target of each drug (Fig. 2C and Table 1 ).
The Plasmodium metaprints resulting from drug treatment Table S2 in the supplemental material). The data were analyzed using self-organizing maps and are displayed as a suprahexagonal (66) metabolic fingerprint or metaprint. Metabolite clusters were associated with eight generalized metabolic pathways using the KEGG database and were color coded within the suprahexagon base map (left). Metaprints for both atovaquone and WR99210 are displayed as examples, with specific signature metabolites denoted (right). (Mapping locations for all metabolites can be found in Table S3 .) (C) We assembled metaprints (right) and clusters (Pearson-Ward distance-clustering) (left) based on the metabolomic profiles for each compound, as determined from the log 2 fold change values of targeted metabolites following drug treatment relative to an untreated (no-drug) control (see Table S2 ). MoA classifications were performed based on a combination of clustering, metaprint analysis (right), and a priori biochemical knowledge (Table 1) . Pyr, pyrimethamine; 2-DG, 2-deoxyglucose; CQ, chloroquine.
demonstrate that all known bc 1 complex inhibitors (Table 1) have metabolic effects that result in large increases of DHO and NCarb-Asp, as well as smaller decreases in downstream pyrimidine nucleotides ( Fig. 2C ; see Table S2 in the supplemental material). A similar metabolic response was seen for DSM1 (85) and DSM265 (86) , which directly inhibit mitochondrial dihydroorotate dehydrogenase (DHODH) (Fig. 2C and Table 1 ), highlighting the essential linkage between mtETC and pyrimidine synthesis. However, treatment with ELQ-300 and DSM265 resulted in a higher fold increase in pyrimidine precursors with a coordinated decrease in nucleotides (Fig. 2B) , suggesting a more robust perturbation to parasite de novo pyrimidine synthesis than is generated by atovaquone likely due to the high selectivity of these compounds (84, 86) . Although targeted metabolomics analysis revealed perturbations of pyrimidine synthesis, we were unable to distinguish whether the changes arose from indirect inhibition at the bc 1 complex Q o or Q i semiquinone electron transfer sites or direct DHODH blockage (Table 1 ; Fig. 2B , red cluster) and are listed as general inhibitors of mtETC/pyrimidine synthesis. Also clustering together are P218, pyrimethamine, and WR99210 (Fig. 2C) , all of which target the bifunctional Plasmodium enzyme dihydrofolate reductase-thymidylate synthase (DHFR-TS), which is responsible for the folate-dependent conversion of dUMP to dTMP (87) (88) (89) . Treatment with these compounds results in an increase in dUMP and NADPH ( Fig. 2C ; see Table S2 in the supplemental material), clearly demonstrating inhibition of DHFR-TS, which also utilizes NADPH as a cofactor. This distinct metabolic signature represents disruption of folate biosynthesis and supports the known target pathway of the lead MMV compound P218 (89), further confirming DHFR-TS as a prime antimalarial drug target.
Compounds KAE609, (ϩ)-SJ733, and KAF246 have been suggested to target PfATP4 (36, 38, 64) , an Na ϩ /H ϩ -ATPase in the parasite plasma membrane (63) . However, the exact mechanism causing parasite death from these compounds remains unknown. Recently, treatment with the PfATP4 inhibitor KAE609 was demonstrated to result in a rapid influx of Na ϩ , inducing plasma membrane rigidification, which potentially results in premature developmental progression and, ultimately, parasite death (90) . Metaprints reveal a widespread metabolic disruption likely resulting from the physiologic loss of the ionic gradient generated by PfATP4 and perturbations to parasite development. Treatment with these compounds results in multiple, likely indirect, metabolic effects, as evidenced by increases in deoxyribonucleotides and decreases in central carbon metabolites, ribonucleotides, hemoglobin-derived peptides, and amino acid derivatives ( Fig. 2C ; see Table S2 in the supplemental material). Within this cluster, metaprints for these PfATP4-targeting compounds do display differences from that of 2-deoxyglucose (2-DG) (Fig. 2C) , a compound known to competitively inhibit glycolysis and ATP production, resulting in a direct yet widespread metabolic collapse distinct from the PfATP4-derived metaprint. Due to the broad or multiple metabolic signatures revealed by metaprint analysis, the MoA as determined by whole-cell metabolomics for compounds in this class could not be precisely classified without prior knowledge and are thus listed as disruptions to cellular homeostasis.
The next cluster contains the phosphatidylinositol 4-kinase (PI4K) inhibitor MMV390048 (91), the putative vacuolar ATPase-targeting compound AZ412 (92) , and chloroquine, which accumulates within the digestive vacuole of chloroquinesensitive Plasmodium parasites. All compounds within this cluster reveal a unique signature consisting of perturbations in hemoglobin-derived peptides and amino acid derivatives ( Fig. 2C ; see Table S2 in the supplemental material). Although these compounds have a broad range of predicted molecular targets, their metabolic signatures suggest that they all perturb parasite hemoglobin catabolism. Previous studies have established that Plasmodium survival is dependent upon the catabolism of hemoglobin to peptides/ amino acids and their active transport from the digestive vacuole, a process that is mediated by the chloroquine resistance transporter (PfCRT) and inhibited by chloroquine (93) . The metaprints of the compounds within this cluster confirm the parasite's reliance on a constant supply of peptides/amino acids from the host erythrocyte for survival and are categorized as inhibitors of hemoglobin catabolism. However, it is important to note that even though chloroquine clusters with this group, the resulting metaprint is quite divergent. This is possibly due to an overall lack of significant metabolic changes, which was previously demonstrated for chloroquine over treatment lengths ranging from 30 min to 24 h (50).
The final cluster includes KAF156, a compound with PfCARL as the resistance marker (39, 41, 94) , the known translation inhibitor DDD498 (40) , and two aryl trioxolanes, OZ439 and OZ277 (95) (Fig. 2C) . Interestingly, the trioxolanes are thought to promote oxidative damage to the parasite (96), similarly to dihydroartemisinin (97), yet display no major alterations in parasite metabolism. While there are small perturbations in NAD metabolism, the changes in redox state within the parasite are difficult to capture using our current metabolomics approach. KAF156 similarly displays little disruption in parasite metabolism, which was not surprising given the limited knowledge about the biological target of this drug (39, 41) . Interestingly, the most robust metabolic response in this cluster results from treatment with DDD498, characterized by small perturbations in nucleotides and hemoglobin-derived peptides possibly resulting from the disruption of parasite translation (40, 41) . However, due to the overall lack or weakness of a signature in this cluster of compounds, they are tentatively listed as unclassified for this analysis.
Metabolic profiling of Malaria Box drug-like compounds. Reassured by the predictive power of our metabolomic profiling assay from our blind analysis of the validation set of compounds, we applied our approach to a large subset of the drug-like compounds from the Malaria Box (4). Due to the medium-throughput nature of our metabolomics workflow and the limited availability of compounds within the Malaria Box, the treatment and metabolite extraction protocol was performed on 169 of the 200 drug-like compounds over the course of 26 independent drug treatment assays. To ensure consistency, all drug screens were performed according to our optimization scheme (Fig. 1) by treating magnetically purified parasites for 2.5 h at Ն2ϫ IC 50 and were paired with an untreated negative control, as well as an atovaquone-treated positive control for additional experimental quality assurance ( Fig. 1 and 2A) . All samples within a trial were performed in triplicate to reduce within-run technical variation, and both a single isotope-labeled internal standard ([ 13 C 4 , 15 N 1 ]aspartate) and the atovaquone metabolite signature were monitored to determine whether an experimental batch was of acceptable quality for further analysis. Ultimately, this resulted in 31 biological replicates of atovaquone, which aided in the confirmation of the most reliably detected metabolites. The signature metabolites for atovaquone-positive con-trols, N-Carb-Asp and DHO ( Fig. 1 and 2) , across all drug tests provided robust and reproducible fold changes that were Ͼ4-fold in all experiments (data not shown).
Surprisingly, hierarchical clustering analysis of the log 2 fold change compared to an untreated control for the entire set of 169 Malaria Box compounds also revealed that these drugs largely fell into the same five broad categories based upon their individual metaprints ( Fig. 3; see Tables S4 and S5 in the supplemental material). Thirty-eight Malaria Box compounds were categorized as inhibitors of mtETC/pyrimidine biosynthesis (Fig. 3, red) and displayed a prominent increase in N-Carb-Asp and DHO, similar to that of atovaquone ( Fig. 2B and C; see Tables S4 and S5 ). Treatment with 23 of the Malaria Box compounds resulted in numerous metabolic changes indicative of perturbations in cellular homeostasis (Fig. 3, green) , analogous to those caused by the PfATP4 inhibitors KAE609, (ϩ)-SJ733, and KAF246 (Fig. 2C) . Interestingly, this set of 23 compounds includes all of the Malaria Box drug-like compounds previously identified as targeting PfATP4 (63) , plus an additional six compounds, demonstrating unequivocally that PfATP4 inhibition and the loss of Na ϩ /H ϩ homeostasis result in a related and distinct metabolic profile. Fourteen Malaria Box compounds clustered in the folate biosynthesis category drug-like compounds from the Malaria Box and several selected validation compounds from each MoA classification (top). All the displayed log 2 fold changes are the averages for three technical replicates for each compound tested. Distance clustering was performed using the Pearson-Ward method. Selected metabolites are denoted on the right, corresponding to specific metabolic signatures within a particular MoA class, and are color coded. Metaprints (bottom) are included for visualization of the metabolomic profiles associated with each MoA class and contain a validation compound (see Fig. 2C, e.g., KAF246 ), an MMV Malaria Box representative (e.g., MMV000662), and an average representation of all metabolites within each MoA classification cluster. Metaprint data for the MMV Malaria Box compounds match the map legend in Fig. 2A and Table S3 in the supplemental material since all data were overlaid onto the trained validation set map. The full data set and metaprints are available in Tables S3 and S4 , respectively. DHO, dihydroorotate; N-Carb-Asp, N-carbamoyl-L-aspartate. (Fig. 3, blue) and displayed a dUMP perturbation similar to that of WR99210, P218, and pyrimethamine (Fig. 2C) . Of note, MMV667487 was found in this cluster displaying a marked increase in dUMP. This result confirms a recent chemogenomic screen for decreased sensitivity to Malaria Box compounds using a parasite line in which expression of DHFR-TS was downregulated using a glmS ribozyme fusion (98) . Thirty-five Malaria Box compounds were classified by a strong peptide signature that is indicative of disruption in hemoglobin catabolism (Fig. 3, orange) . As expected, several of the compounds shown to inhibit either betahematin formation (17) or metalloaminopeptidase function (11) also fell into this category ( Fig. 3; see Table S5 ), confirming their effects on hemoglobin catabolism. Finally, 59 Malaria Box drugs displayed weak or ambiguous metabolic changes and were listed as unclassified (Fig. 3, black) . Interestingly, despite clustering with compounds that affect hemoglobin catabolism in the validation set (Fig. 2C) , in the context of the larger Malaria Box data set (Fig.  3) , chloroquine clusters with "unclassified" compounds due to its relatively weak metabolic signature. This confirms a previous metabolomics characterization of chloroquine-treated parasites that showed minimal metabolic perturbation (50) . Interestingly, compounds that target nonmetabolic processes and/or have been proposed to alter redox status, such as the aryl trioxolanes (OZ277 and OZ439), also cluster in this group and display few distinct metabolic perturbations.
Application to gametocytes. The continued emergence of drug-resistant malaria parasites has not only intensified the need for new antimalarial drugs targeting asexual-stage parasites but also renewed the focus on transmission-blocking strategies (99, 100) . Inhibiting the transfer of viable sexual-stage gametocytes from infected human blood to the mosquito vector would both reduce the at-risk population and slow the spread of drug-resistant parasites, critical steps toward malaria eradication. Despite the therapeutic targeting potential of this intraerythrocytic stage, few gametocytocidal compounds are available and the killing assays used to determine gametocytocidal activity have yielded various results (12, 14-16, 32, 34) .
To demonstrate that our methodology has the capability to overcome these shortcomings, we tested our metabolomics platform on sexual-stage gametocytes. Using established induction and purification methods (101, 102) , we generated sufficient gametocyte numbers (ϳ5 ϫ 10 7 gametocytes/sample) for metabolomic profiling and applied our existing workflow to test the effects of atovaquone on mid-to late-stage gametocytes (III-IV). We focused on this stage of gametocytogenesis because the parasite is still developing, is metabolically active, and can be readily purified. Although gametocytes are known to have increased mitochondrial metabolism (52, 55) , atovaquone has limited gametocytocidal efficacy (103) (104) (105) . Despite this, when given a moderate dose of atovaquone (1.0 M) (106), purified gametocytes displayed the classic atovaquone metabolic signature characterized by an increase in pyrimidine precursors (Fig. 4) . As expected, this response was reduced (ϳ2-fold change versus ϳ15-fold change in asexual parasites) when the DHO and N-Carb-Asp levels were compared to those of atovaquone-treated asexual parasites (Fig. 4 and 1, respectively) . Additionally, metaprint analysis reflected alterations in central carbon metabolism that are likely the result of pharmacologic perturbation of the enhanced metabolism shown by the gametocyte mitochondrion (55) . Nevertheless, this proof-of-principle result demonstrates that atovaquone's limited gametocytocidal activity is the result of a reduced effect on the bc 1 complex and pyrimidine biosynthesis, compared to that in asexual parasites. While the molecular mechanism behind this reduced effect remains unclear, our results demonstrate that metabolomic profiling is able to measure even small perturbations that arise from pharmacologic intervention and will also prove useful for testing gametocytocidal compounds.
DISCUSSION
This study presents a medium-throughput analysis of 20 wellcharacterized antimalarial drugs and 169 drug-like candidates from the MMV Malaria Box using targeted metabolomic profiling. Since metabolomics provides a direct chemical signature of the cell, the results provide critical data for many of these compounds that had not been previously identified by endpoint-based approaches. Using optimized treatment parameters ( Fig. 1 and  2A) , we demonstrated that the target pathways of 20 validated
FIG 4
Metabolomic profiling of the P. falciparum sexual stage using atovaquone. The metaprint for purified stage III-IV gametocytes treated with 1 M atovaquone (Atv) for 2.5 h (top) using the same experimental screening approach as that for asexual parasite drug treatment assays ( Fig. 2A) is shown. The graph highlights the atovaquone-specific signature, which is much reduced compared to that for asexual-stage parasites (Fig. 1) . Two independent biological replicates were assayed with 2 drug-exposed and 2 untreated samples for each. Values displayed are experimental averages Ϯ standard errors. The gametocyte data are available in Table S6 in the supplemental material. drugs were correctly classified based on their metabolic fingerprints and that the signature metabolites mapped accurately to the predicted molecular target (Fig. 2 and Table 1 ). Consequently, this set of drugs provided the necessary framework for predicting the target pathways for ϳ65% of the screened Malaria Box drug-like compounds (110 of the 169), a number that has not been achieved by other biochemical screens (9-11, 14, 17, 30, 62, 63) . Although 35% of the compounds remain unclassified (Fig. 3) , our analysis does reveal metabolic perturbations that have yet to be linked to a single metabolic process and will require further investigation.
Targeted trophozoite metabolite profiling of the Malaria Box drug-like compounds revealed the somewhat surprising result that most of the drugs largely fall into four distinct clusters defined by disruptions to mtETC/pyrimidine biosynthesis, folate biosynthesis, hemoglobin catabolism, or global homeostasis, as well as compounds which could not be easily linked to a clear metabolic pathway (Fig. 2 and 3) . These results suggest that the parasite may have a limited number of biological functions that are not only necessary for viability but also highly vulnerable to pharmacologic intervention, as previously predicted by modeling the P. falciparum metabolic network (107) . Each of the four distinct classes were defined by changes to a unique subset of metabolites within the targeted fingerprint known as the "signature." These signatures define the specific pathway(s) disrupted by a particular chemotype. The lack of central carbon disruption in our data, like that seen for 2-deoxyglucose, suggests that these changes in metabolites do not arise from cell death as seen previously in metabolomic perturbation studies in Plasmodium (50). Our predicted classifications also agree with several earlier publications in which aminopeptidase/beta-hematin targeting compounds (11, 17) from the Malaria Box displayed a deficiency in hemoglobin-derived peptides (Fig. 3) . Additionally, PfATP4 targeting compounds (62, 64) cluster together and display a clear multifaceted metabolic collapse. However, it is important to note that disruptions to cellular homeostasis from targeting nonmetabolic targets (such as the H ϩ -and Na ϩ -ATPases) make exact molecular target prediction from metabolomics difficult without prior biochemical knowledge. We also acknowledge that not all of the compounds show a clear MoA consistent with the published literature. For example, we find that treatment with MMV666693 results in perturbations to mtETC/pyrimidine biosynthesis (Fig. 3) , although previous studies have shown that MMV666693 targets translation (10) or kinesin-5 (108). This suggests that there are parameters that need to be carefully considered when making comparisons across experimental approaches, an observation noted previously for endpoint-based assays (12, 33) .
One important unknown that remains to be explored is the MoA of the 59 "unclassified" Malaria Box compounds that contain ambiguous or weak fingerprints (Fig. 3) . The reasons for these weak metabolomic profiles might include the following: (i) it is possible that we are simply focusing on the wrong subset of metabolites (targeted hydrophilic), (ii) the effects may be more pronounced during another part of the parasite life cycle, (iii) the time of exposure may be too short to exhibit a measurable metabolic effect, (iv) the dose used may be too low (although this is less likely based on our atovaquone data [ Fig. 1B to E] ), or (v) certain compounds may target broader aspects of parasite biology and therefore display no noticeable metabolic perturbations relative to the control. A related metabolomics approach for determining antibacterial MoAs has also found that compounds that target broad biological processes (i.e., mitochondrial proton transfer) result in limited changes to cellular metabolites (109) , in line with our results for DDD498, which targets parasite translation (Fig. 2) .
The unclassified group of compounds remains of interest, and expanding our metabolomic methodologies beyond focusing on hydrophilic metabolites may allow us to discern the unique signatures within this class. Interestingly, MMV008138 is among the unclassified compounds, although it is an established inhibitor of the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway of isoprenoid biosynthesis (14, 30, 110, 111) , which is beyond the detection capabilities of our methodology. However, this compound might be used as a known signature of MEP pathway disruption for future analytical optimization. One observation regarding the unclassified compounds was that even though they lacked a defined signature, there were several subclusters forming within these compounds (Fig. 3) , suggesting that these drugs may be operating through other MoAs. An untargeted UHPLC-MS approach examining hundreds of additional putative MS features may shed light on some of the compounds not explained by our targeted fingerprinting (112) . While untargeted metabolomics is a valuable tool for further defining subcategories of compounds (particularly when combined with the metaprint analysis), it requires rigorous analysis and validation, as well as additional analytical approaches for full metabolic understanding. Furthermore, the use of previous biochemical assays will be important for appropriately guiding additional metabolic experiments and analysis methods as it pertains to this particular compound cluster.
Although asexual screening efforts have been paramount in the effort to identify diverse antimalarial compounds, they only touch on one phase of the parasite's complex life cycle. Recently, added emphasis has been placed on transmission blocking strategies that prevent the transmission of sexual-stage parasites to the mosquito vector. Remarkably, only four antimalarial drugs, methylene blue, artesunate, artemether, and primaquine, kill gametocytes, with primaquine being the only clinically available drug that effectively kills gametocytes (65) . Yet the use of primaquine is restricted, as treatment results in hemolysis in glucose-6-phosphate dehydrogenase-deficient individuals (113), a mutation common in many regions where malaria is endemic. To expand our methodology beyond the asexual stages, we tested the metabolic effect of atovaquone on purified mid/late-stage gametocytes (stage III-IV) as a proof of concept. Despite atovaquone's limited efficacy against gametocytes (33, 105) , we captured the same pyrimidine biosynthesis signature measured in asexual-stage parasites. While this metabolic signature was markedly reduced (ϳ7-fold), this result emphasizes the power of the platform to capture subtle metabolic perturbations and will aid in determining the MoA of compounds that might be discounted by endpoint assays. To our knowledge, this also marks the first application of metabolomics for the purposes of understanding sexual-stage drug MoA and challenges the historical notion that gametocytes transition to a largely metabolically quiescent state (114) (115) (116) (117) . However, it has recently been demonstrated that central carbon and mitochondrial metabolism is not only highly active (55) but also essential for gametocytogenesis (52) . Therefore, this transmissible stage of development remains a viable and important potential target for chemotherapeutic intervention. To date, several gametocytocidal screens using endpoint-based assays have been performed on the Malaria Box (12-16, 32, 34) , identifying a significant number of additional compounds active against this stage. These results further rein-force that the gametocyte stage is amenable to pharmacologic intervention although the metabolic effects of these compounds on gametocytes remain unknown.
Metabolomic profiling can also be extended into additional aspects of the parasite-drug axis, such as determining the metabolic fingerprints that arise from drug combinations, as this would provide vital information for the real-world development and deployment of frontline combination therapies. Preliminary data from our laboratory suggest that compounds targeting nonoverlapping pathways still manifest their individual signatures, albeit at altered levels (data not shown). Furthermore, a drug-multiplexing approach may allow further identification of compounds that have a synergistic effect, much like that of the atovaquone-proguanil combination. In addition to studying the effects of drugs on parasites, the metabolic network of drug-resistant parasites should be queried to better understand resistance mechanisms and their consequences for the parasite. Having this information will allow optimal combination therapies tailored to prevent the onward transmission of resistance (118) , as the parasite would likely be unable to survive disruptions in multiple pathways. In conclusion, our UHPLC-MS metabolomics workflow and antimalarial metabolomic profiling approach provide the parasitology community with data that can be used to help prioritize the next generation of potent antimalarial drugs for future testing in clinical trials.
